Translocation of the tRNA-mRNA complex is a fundamental step in the elongation cycle of protein synthesis. Our studies show that the ribosome can translocate a P-site-bound tRNA Met with a break in the phosphodiester backbone between positions 56 and 57 in the T⌿C-loop. We have used this fragmented P-site-bound tRNA Met to identify two 2-hydroxyl groups at positions 71 and 76 in the 3-acceptor arm that are essential for translocation. Crystallographic data show that the 2-hydroxyl group at positions 71 and 76 contacts the backbone of 23S rRNA residues 1892 and 2433-2434, respectively, in the ribosomal E site. These results establish a set of functional interactions between P-site tRNA and 23S rRNA that are essential for translocation.
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R
ibosomes are the macromolecular complexes responsible for protein synthesis. Escherichia coli ribosomes are made up of a large 50S subunit and a small 30S subunit that contain three tRNA-binding sites (A, aminoacyl; P, peptidyl; E, exit). One of the fundamental steps in the elongation cycle of protein synthesis is the step-wise movement-called translocation-of tRNAs from one site to the next within the ribosome. Very little is known about how this highly precise and complex process occurs on the ribosome. Biochemical (1, 2) and biophysical (3) studies revealed that translocation occurs in two steps. In the first step, after peptide-bond formation, the acceptor ends of deacylated tRNA and peptidyl-tRNA move from P to E, and from A to P sites, respectively, in the 50S subunit, whereas their anticodon ends still interact with the 30S subunit P and A sites, respectively. This movement occurs spontaneously after peptide-bond formation, which results in tRNAs occupying A͞P and P͞E hybrid states. In the second step, elongation factor G (EF-G) catalyzes the movement of the anticodon ends of both tRNAs relative to the 30S subunit, translocating deacylated tRNA from P͞E to E state and peptidyl-tRNA from A͞P to P͞P state. Thus, movement of the acceptor end of tRNAs occurs independently of the anticodon ends, relative to the two ribosomal subunits.
EF-G uses the chemical energy of GTP hydrolysis to accelerate translocation of the tRNA-mRNA complex (4). Interestingly, ribosomes can perform spontaneous translocation in the absence of EF-G⅐GTP (5, 6) , suggesting that the mechanism of translocation is inherent to the ribosome. Additionally, translocation can occur in the absence of mRNA (7, 8) , demonstrating that neither codon-anticodon interactions nor mRNA-ribosome interactions are essential for translocation. Thus, the only components indispensable for translocation are the A-and P-site tRNAs and the ribosome.
The requirement for peptidyl-tRNA in the A site can be satisfied by a 15-nucleotide anticodon stem-loop analog (ASL)-4 of tRNA (9) . The ASL, consisting of a seven-nucleotide loop and a four base-pair stem, translocates, indicating that the D stem, T stem, and acceptor arm of the A-site tRNA are not essential for translocation. In contrast to the ribosomal A site, an ASL bound to the ribosomal P site is not translocated (9) , suggesting that interactions involving the elbow and͞or acceptor end of the P-site tRNA with the ribosomal large subunit are required for translocation.
To identify specific molecular interactions between the acceptor arm of P-site tRNA and the ribosome that are important for translocation, we developed a fragmented tRNA approach. Previous studies have demonstrated that tRNAs with breaks at certain positions in the phosphodiester backbone have the ability to fold into an active structure (10) (11) (12) (13) . Because several tRNAs with limited sequence conservation interact with the ribosome, it is likely that the translocation machinery utilizes interactions involving the sugar-phosphate backbone of tRNAs. Therefore, in this study, we examined the importance of 2Ј-hydroxyl groups within the 3Ј-acceptor end of P-site tRNA for EF-G-dependent translocation.
Materials and Methods
Synthesis and Assembly of Fragmented tRNA Met . The large 5Ј tRNA Met fragment corresponding to positions 1 through 56 was transcribed in vitro from a partially duplex synthetic DNA template by using T7 RNA polymerase (14) . RNA transcripts were purified on a 10% denaturing polyacrylamide gel and recovered by passive elution and ethanol precipitation. The smaller 3Ј tRNA Met fragments corresponding to positions 57 through 76 were chemically synthesized on an ABI 392 DNA Synthesizer (Applied Biosystems) by using an RNA phosphoramidite method (15) . Site-specific incorporation of 2Ј-O-methyl, 2Ј-deoxy, 2Ј-fluoro, and 2Ј-amino groups (Glen Research, Sterling, VA) were performed during solid-phase synthesis. The synthetic oligoribonucleotides were deprotected as described (16) and purified on a 20% denaturing polyacrylamide gel. The 5Ј large fragment and the 3Ј small fragment were annealed essentially as described in (13) . Briefly, 100 picomoles of the 5Ј large fragment was mixed with 150 picomoles of the 3Ј small fragment in 50 mM Hepes (final volume of 5 l) and heated at 60°C for 3 min. MgCl 2 was added to a final concentration of 10 mM, and the mixture was slowly cooled to room temperature and placed on ice.
Nondenaturing Polyacrylamide Gel Analysis. E. coli tRNA Met , the 5Ј fragment, and the smaller 3Ј fragments were 5Ј end-labeled using [␥-32 P]-ATP and T4 polynucleotide kinase (New England Biolabs). The labeled RNAs were purified on denaturing polyacrylamide gels and cpm were determined with a liquid scintillation counter (Beckman Coulter). A 32 P-labeled 3Ј fragment (50,000 cpm) was combined with 150 picomoles of unlabeled 3Ј fragment and 100 picomoles of the 5Ј large fragment and annealed as described above in 10 l of final volume. The native tRNAs This paper was submitted directly (Track II) to the PNAS office.
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(50,000 cpm) also were folded by heating and slow cooling. Aliquots of 50 l of the reaction mixture were removed and mixed with 50 l of carrier (1 g/ml BSA͞1 M sodium acetate, pH 5.2) and 1 ml of precipitation mix (2.5% trichloroacetic acid͞50% ethanol). The mixes were placed at Ϫ0°C for 20 min and then filtered through Whatman GF͞C filters and washed five times with 5% trichloroacetic acid, followed by five washes with 95% ethanol. Filters were dried and the amount of filter-bound [ 35 S]methionine was quantitated by liquid scintillation. Background values were determined by performing the reactions either in the absence of tRNA or S-100 extract. The specific activity of the reaction mix was determined by spotting 2 l of the reaction mixture onto filters without washing. time-course experiments, aliquots of the reaction mixture were taken at defined time points and placed on ice. The extent of translocation was determined by toeprinting assays, all as described (9) . The gels were quantified with a Molecular Dynamics PhosphorImager. Rectangles were used to quantify the toeprint bands corresponding to pre-and posttranslocation for each reaction time by using the volume integrate function of IMAGE-QUANT software (Molecular Dynamics). Total counts for each time point are the sums of pre-and posttranslocation bands. The extent of translocation was calculated by dividing the posttranslocation counts by the total counts for each reaction. The translocation of modified tRNAs were normalized with respect to translocation of unfragmented tRNA , where Y max is the maximum extent of translocation, Y is the fraction translocated at time x, and k is the observed rate constant (GRAPHPAD PRISM; GraphPad, San Diego). The observed endpoints for each reaction were used to fit the data. The rates were derived from the average of at least three independent experiments and are within the 95% confidence intervals. Errors in the rate were Յ30%. The relative inhibition was calculated as the ratio of k values.
Ligation of Fragmented tRNA Met . Ligation of the 3Ј small fragment to the 5Ј large fragment was accomplished with T4 DNA ligase and a deoxyoligonucleotide complementary to positions 34-74 of E. coli tRNA Met , essentially as described (18) .
Results and Discussion
Folding of Fragmented tRNA Met . E. coli tRNA Met with a break in the T⌿C-loop between positions 56 and 57 was assembled from two separate fragments (Fig. 1A) . Nondenaturing PAGE showed that the two fragments anneal together and fold into a conformation that resembles the full-length tRNA Met (Fig. 1B) . Additionally, 3Ј fragments incorporating 2Ј-O-methyl substitutions at positions 57-76 also anneal to the 5Ј fragment and fold into the tRNA tertiary structure. Thus, 2Ј-hydroxyl groups from positions 57-76 are not required for the proper folding of the tRNA.
The functional integrity of the fragmented tRNA Met was analyzed further by its ability to be aminoacylated by methionyltRNA synthetase. The aminoacylation efficiency of the fragmented tRNA Met was about 2-fold lower compared with tRNA Met transcript (data not shown), indicating that the nick in the tRNA backbone between positions 56 and 57 have minor effects on the overall tRNA tertiary structure. is very rapid, and the linear range cannot be resolved reliably by using our assay system. Additionally, we used a buffer system that further reduces the rate of translocation. This strategy permitted us to distinguish the kinetic behavior of the fragmented tRNA Met bound to the ribosomal P site. Translocation was initiated by the addition of EF-G⅐GTP to the pretranslocation complex. The movement of mRNA was detected by using the toeprinting assay (9, 19, 20) . Consistent with previous studies (21) (22) (23) , the large 5Ј fragment 1-56 that contains the sequence corresponding to the anticodon arm of tRNA Met is capable of binding to the 30S P site even in the absence of the 3Ј fragment, but does not translocate ( Fig.  2A) . Remarkably, tRNA Met assembled from a 5Ј large fragment and a synthetic 3Ј small fragment translocates from the ribosomal P site. Replacement of the small fragment with a DNA analog or 2Ј-O-methyl analog inhibits translocation, indicating that one or more 2Ј-hydroxyl groups from positions 57-76 within P tRNA Met is required for translocation.
Identification of 2-Hydroxyl Groups Essential for Translocation.
To determine the precise locations of critical 2Ј-hydroxyl groups, we systematically tested single 2Ј-deoxy substitutions at positions 57 through 65. No inhibition of translocation was observed at these positions ( Fig. 2 B and D) . We next analyzed single 2Ј-O-methyl substitutions at positions 66 through 76. Interestingly, inhibition of translocation was observed at positions 66, 70, 71, and 76 ( Fig.  2 C and D) , indicating that the 2Ј-hydroxyl groups at these positions may play an important role in translocation.
We studied the kinetic behavior of P-site-bound tRNA Met incorporating a single 2Ј-O-methyl substitution at positions 66, 70, 71, and 76. Our results showed that 2Ј-O-methyl substitution at positions 66, 70, 71, and 76 results in at least a 7-fold inhibition in the rate of translocation (Fig. 3 E-H, Fig. 4A , and Table 1 ).
Because the 2Ј-O-methyl group is bulkier than the 2Ј-hydroxyl group, inhibition of translocation could be caused by steric interference. To rule out this possibility, we analyzed the 2Ј-deoxy substitution at positions 66, 70, 71, and 76. 2Ј-deoxyribose favors a C 2Ј -endo sugar conformation compared with a C 3Ј -endo sugar conformation in RNA (24) . Again, we observed a greater than 10-fold inhibition with 2Ј-d71 and 2Ј-d76, suggesting that these 2Ј-hydroxyl groups are important for translocation (Fig. 3  I-L, Fig. 4B , and Table 1 ). In contrast, 2Ј-d66 and 2Ј-d70 showed no inhibition, indicating that neither the 2Ј-hydroxyl group nor the sugar conformation at positions 66 and 70 are critical for translocation. Therefore, the inhibition observed with 2Ј-Omethyl substitutions at positions 66 and 70 may be caused by steric interference with ribosomal components during translocation. The importance of a 2Ј-hydroxyl group at positions 71 and 76 was further confirmed by ligating the 3Ј small fragment incorporating these substitutions to the 5Ј large fragment and testing for their ability to translocate. We again observed at least a 7-fold reduction in translocation rate with the ligated 2Ј-d71 and 2Ј-d76 fragments (Fig. 3 M-O, Fig. 4C , and Table 1 ).
To dissect further the role of the 2Ј-hydroxyl group at position 71, we tested 2Ј-fluoro and 2Ј-amino substitutions at position 71.
Both 2Ј-fluoro and 2Ј-amino groups are similar in size but differ in their potential for forming hydrogen bonds and in their sugar conformation. The 2Ј-fluoro group can act as a weak hydrogenbond acceptor and favors the C 3Ј -endo form, whereas the 2Ј-amino group retains the hydrogen-bonding properties of the 2Ј-hydroxyl group but adopts the C 2Ј -endo pucker (24) (25) (26) . As a control, we also analyzed similar substitutions at position 66. We were unable to test 2Ј-fluoro and 2Ј-amino substitutions at positions G70 and A76, because their phosphoramidite monomers are not commercially available at the present time. Both 2Ј-fluoro and 2Ј-amino group substitutions at position 66 have only modest effects on translocation (Fig. 3 P and Q, Fig. 4D , and Table 1 ). Hence, the 2Ј-hydroxyl group at position 66 is not critical for translocation. Interestingly, the 2Ј-fluoro and 2Ј-amino substitutions at position 71 inhibit translocation by about 10-fold (Fig. 3 R and S, Fig. 4D , and Table 1 ). These results demonstrate that both the 2Ј-hydroxyl and the sugar conformation at position 71 are critical for translocation.
Elegant experiments by Wintermeyer and coworkers (27) showed that deletion or mutation of A76 in P-site tRNA results in a 30-to 40-fold inhibition in the rate of translocation. Especially relevant is the 2Ј-deoxy substitution at position 76 that results in a 15-fold reduction in E-site affinity and causes a 14-fold inhibition in the rate of translocation. Thus, both the nucleotide base and the ribose 2Ј-hydroxyl group at position 76 are critical for E-site binding (28, 29) and translocation. These results suggest that interactions between the acceptor end of P-site tRNA and the 50S subunit E site are a prerequisite for EF-G-dependent translocation in the 30S subunit.
Functional Interactions Between P tRNA and the Ribosome. Threedimensional cryo-electron microscopy (30) and directed hydroxyl-radical probing (31) were used to position EF-G on the ribosome at low resolution. EF-G binds at the base of the L7͞L12 stalk of the 50S subunit, a location that is distant from the acceptor end of P-site tRNA. Therefore, contact between ribose 2Ј-hydroxyl groups at positions 71 and 76 of P-site tRNA and EF-G can be excluded, and it is more likely that they interact directly with the ribosome. Recently, the structure of the ribosome with tRNAs bound to the A, P, and E sites has been solved at 5.5-Å resolution (32) . We used this crystal structure to identify ribosomal components that specifically interact with these 2Ј-hydroxyl groups in tRNA (Fig. 5) . Position 66 is located in the acceptor helix and projects toward the anticodon arm of the tRNA. We observed inhibition with the bulky 2Ј-O-methyl substitution at position 66; however, no inhibition was detected with the 2Ј-deoxy, 2Ј-fluoro, and 2Ј-amino substitutions, suggesting that the 2Ј-hydroxyl at this position is not essential for translocation. Furthermore, the x-ray structure does not show any contact between position 66 within P or E-site tRNA and the ribosome (32) . Positions 70 and 71 are located on the opposite surface of the acceptor helix facing the 50S subunit E site. Although they are exposed and are available for potential interactions with the ribosome, there is no interaction between position 70 and the ribosomal P or E sites in the crystal structure. This finding is consistent with our results that show full restoration of activity with the 2Ј-deoxy substitution at position 70 in the P-site tRNA. Remarkably, the x-ray crystal structure of the ribosome shows a minor grove-minor grove interaction between position 71 of E-site tRNA and residue 1892 in helix 68 of 23S rRNA (32) . Results presented here show that this interaction is essential for translocation. Position 76 is located in the 3Ј single-stranded terminus of the tRNA. This region of the tRNA is very flexible and is available for interaction with ribosomal components that are located within a radius of 20 Å. In the crystal structure, the backbone of position 76 in E-site tRNA interacts with 23S rRNA residues 2433 and 2434 in helix 74 and the base-contacts residue 199 in helix 11 of 23S rRNA (32) . Our study shows that interactions involving the 2Ј-hydroxyl groups at position 71 and 76 in the acceptor arm of P-site tRNA (in the P͞E hybrid state) with 23S rRNA elements in the 50S subunit E site are of functional significance, because substitutions that disrupt these contacts inhibit translocation. These results establish an active role for 23S rRNA in the molecular mechanism of translocation.
Translocation of the tRNA-mRNA complex involves disruption of existing interactions in one site and the establishment of new interactions in the next site within the ribosome. Specific hydrogen-bonding interactions between the acceptor arm of P-site tRNA and the 50S subunit E site may facilitate the first step of translocation by permitting the acceptor end of the tRNAs to move relative to the 50S subunit (in to the P͞E and A͞P hybrid states) followed by movement of the anticodon arms relative to the 30S subunit. Such a step-wise movement will lower the energy barrier required for translocation and may be essential for EF-G-dependent translocation in the 30S subunit. Alternatively, interactions between the acceptor end of P-site tRNA and the 50S subunit E site may act as a signal for the ribosome to undergo conformational changes essential for 30S translocation. Presently, it is not possible to distinguish between these two mechanisms. Finally, our study demonstrates that the fragmented-tRNA approach is a powerful method for identifying functional groups within tRNA that are important for translocation. Future biochemical experiments addressing such functional interactions within the ribosome will complement high resolution x-ray structure analysis of the ribosome in elucidating the molecular basis of translocation.
